Rainwater harvesting, broadly defined as the collection and storage of surface runoff, has a long history in supplying water for agricultural purposes. Despite its significance, rainwater harvesting in small reservoirs has previously been overlooked in large-scale assessments of agricultural water supply and demand. We used a macroscale hydrological model, observed climate data and other physical datasets to explore the potential role of small, localized rainwater harvesting systems in supplying water for irrigated areas. We first estimated the potential contribution of local water harvesting to supply currently irrigated areas. We then explored the potential of supplemental irrigation applied to all cropland areas to increase crop evapotranspiration (or green water flow), using locally stored surface runoff in small reservoirs for different scenarios of installed reservoir capacity. The estimated increase in green water flow varied between 623 and 1122 km 3 a
Introduction
Global water demand for food production for a growing world population is expected to rise and part of the increase will be accomplished under increasing water scarcity. Rockström et al. (2007) estimate that an additional 1850 km 3 y À1 of freshwater will be needed to produce enough food to eradicate hunger in 92 developing countries by 2015, and suggest that 270 km 3 y À1 (15%) of that amount can be met by conventional irrigation water. A significant contribution of increased food production levels would have to come from an increase in the so-called ''green" water flows, which consist of the consumptive water used (evapotranspiration) in biomass production or plant growth. Enhancing the productivity of rainfed cropland areas using supplemental small-scale irrigation infrastructure is therefore an important tool to increase green water flows, particularly given growing environmental and social concerns about large-scale irrigation projects (Fraiture et al., 2007) that rely on abstractions from groundwater and river flow (so-called ''blue" water).
Rainwater harvesting for local irrigation can broadly be defined as the collection and storage of rainy season precipitation for productive purposes, and includes the collection of water from developed land, ephemeral streams, and hillslopes (Kahinda et al., 2008; Ngigi et al., 2005) . Intercepted local runoff is at the interface of green and blue water, because it is captured and applied to croplands (green water) before it becomes river water and would otherwise become part of a larger irrigation (blue water) scheme or part of the soil moisture stock (green water). Rainwater harvesting is an ancient concept (Oweis and Hachum, 2006; Pandey et al., 2003) , and can be dated back to the Neolithic Age in the mountains in southern Jordan (Bruins et al., 1986) . Rainwater harvesting has been a key to securing livelihoods and increasing crop yields in many civilizations, and the storage of water has become a key strategy against water scarcity under changing climate conditions (Gunnell and Krishnamurthy, 2003; Pandey et al., 2003) . Small reservoirs have proved to be an essential tool for managing scarce water resources and providing supplemental irrigation and thereby to increase and stabilize crop yields (Oweis and Hachum, 2006) . There are no global data sets quantifying area, volume, or irrigation capacity of small reservoirs.
For the purpose of this study we refer to rainwater harvesting as the collection of surface runoff from non-irrigated areas for application to adjacent irrigated croplands (Qadir et al., 2007) . To distinguish systems that serve agricultural purposes, Bruins et al. (1986) suggested the term 'runoff farming'. Runoff farming systems include small reservoirs, ponds, cisterns, tanks, and other microstorage facilities that typically supply a very small area; in India, for example, microstorage facilities typically supply water to crop areas of 1.5-50 ha (Gunnell and Krishnamurthy, 2003) . Manually dug farm pond storage capacity generally ranges between 50 and 1000 m 3 ; storage capacity is typically 50-100 m 3 for underground water tanks (Ngigi, 2003) . Despite their importance, small reservoirs and farm ponds have been overlooked in large-scale hydrological assessments like the one presented here. The traditional focus of efforts to increase food security has been on large-scale irrigation projects that rely on blue water (Bruins et al., 1986) . In sub-Saharan Africa, most of these large-scale irrigation projects have been proven to be costly and environmentally unsustainable (Ngigi, 2003) . In the last 10-20 years, small storage facilities received increased attention, as their role in alleviating poverty has been recognized (Li et al., 2000; Oweis et al., 2004) . Downing et al. (2006) suggested that the annual growth rate in the number of small reservoirs could be as high as 60% in dry regions of India, where an estimated 120,000 small reservoirs supply irrigation water to more than 4.12 Mha; this is about 37% of the regional irrigated area (Anbumozhi et al., 2001) . In India as a whole, SRs supply an estimated 20% of irrigated area (Li and Gowing, 2005) . Senay and Verdin (2004) explored the potential of rainwater harvesting in Africa by producing a number of water harvesting index maps at a spatial resolution of 10 km, based on the SCS Curve Number Method, remotely-sensed daily precipitation and other physical datasets.
Small reservoir based irrigation systems require less effort and resources for construction, maintenance, and operation, and can be more flexible than conventional, large-scale, 'blue water' based systems that typically require considerable investments in infrastructure. Furthermore, small reservoir systems can have minimal conveyance losses, can be adapted for a number of different conditions, and require little operational training (Qadir et al., 2007) . They can facilitate the expansion of irrigated areas in regions with topographical conditions that makes large-scale irrigation projects difficult to develop (Li et al., 2000) . The optimal design of those storage facilities depends on both the available water that could potentially be collected and the amount of water that is needed in irrigated areas and can be estimated using water balance modeling approaches. Water balance modeling and GIS based approaches have previously been used to design and simulate the performance of individual runoff farming systems (Li and Gowing, 2005; Srivastava, 1996) , cascades of reservoir systems (Jayatilaka et al., 2003) , or watersheds (Mbilinyi et al., 2007) .
The objective of this paper is twofold: first we assess the geography of the potential contribution of small reservoirs to supplying irrigation water and estimate the distribution and density of such structures, using a macroscale hydrological model and observed climate drivers applied to global croplands. We then estimate potential increases in green water fluxes in all cropland areas that could be achieved by the collection and storage of surface runoff for supplemental irrigation during critical crop growth periods. The potential implications of these increases of green water flux for global food production are assessed by using observed crop water productivity data and global crop production datasets. We also assess downstream impacts of increased use of small reservoirs.
Data and methods

The WBM plus model
To estimate the amount of water required for irrigation purposes and the amount of water that could potentially be collected from local surface runoff, we used a modified version of the WBM model (Vörösmarty et al., 1998) , the WBM plus model. WBM plus calculates components of the hydrological cycle on a grid-cell by gridcell basis by partitioning each grid cell (30 min spatial resolution in this study; about 50 km at the equator) into an irrigated and a nonirrigated fraction and computing the water and vapor fluxes in each grid cell as the area-weighted sum of the two components.
WBM plus was recently used to simulate uncertainty and variability in global irrigation water requirements (Wisser et al., 2008) using two climate datasets and two irrigated area maps and yielded results consistent with reported irrigation water withdrawals when compared with national and international statistics at the country level.
Irrigation in WBM plus
Irrigation water demand in the irrigated fraction of the grid cell is computed for individual crops, distributed globally using global data sets of croplands and aggregated crop types. The approach implemented in WBM plus to estimate crop evapotranspiration for irrigated crops is the crop coefficient method (Allen et al., 1998) which computes crop evapotranspiration ET c (mm d
À1
) as the product of reference evapotranspiration ET 0 (mm d
) and a crop coefficient k c . The crop coefficient represents crop physiological parameters and varies with time. Irrigation water I net (mm d
) is applied such that the soil water is refilled to its holding capacity whenever the soil moisture drops below a crop-dependent critical threshold. A simple soil moisture accounting approach is applied to calculate daily values of soil moisture as a function of precipitation and crop evapotranspiration.
For paddy rice crops, an additional amount of water is needed to maintain a constant flooding depth (50 mm) throughout the growing season, and for replenishing water that percolates into the groundwater at a constant rate, depending on the grid cell soil drainage class (FAO/UNESCO, 2003) . Percolation rates were estimated between 8 mm d À1 for 'extremely well drained soils' and 2 mm d À1 for 'very poorly drained soils'. The gross irrigation water
) (i.e., the amount of water that actually has to be extracted from external water resources) is computed by adjusting the net irrigation demand by the irrigation efficiency E (-) that represents the water losses during irrigation water distribution and the application on the field scale. It is important to note that this efficiency relates to the classical concept of irrigation efficiency at the field scale, but not to the 'effective' irrigation efficiency that describes efficiency at larger scales and takes into account upstream losses as a source for irrigation water downstream (e.g., Molden et al., 2003; Perry, 1999) .
A simple temperature threshold was applied to determine the start of the growing season in areas where crop growth is limited by temperature conditions; a threshold for the mean monthly air temperature of 5°C was used. To determine the onset of the growing season in other regions, we assumed that the growing season starts one month before the month with the maximum rainfall in a given year. If multiple cropping is possible, the second season is assumed to start 150 days after the first one.
The estimated water demand I gr for irrigation can be met by combining water from three water sources (in order): (1) locally stored water (see Small reservoirs in WBM plus below), (2) shallow groundwater (2.1.2), and (3) rivers flowing in the same grid cell. If the estimated per-grid cell water demand is higher than those sources combined, water is still applied, assuming that it is abstracted from non-renewable groundwater sources that are not connected to the local hydrological cycle, or from water transferred from adjacent gridcells (but not acounted for in the water budgeting of those gridcells).
Water balance calculations in WBM plus
The soil water balance in the non-irrigated fraction of the grid cell can be described as
where g(W s ) is a unitless soil moisture drying function, given by
and W s (mm) is the soil moisture,
) is the precipitation available for soil moisture recharge (rainfall P r plus snowmelt M s ), and D ws (mm) is the soil moisture deficit to fill soil to its capacity and satisfy ET p . W c (mm) is the soil and vegetation-dependent available water capacity and a is an empirical constant (set to 5.0) (Vörösmarty et al., 1998) .
Water in excess of the soil water holding capacity X r (mm d
À1
) is partially (cX r ) released to the nearby river directly as surface runoff or diverted into the shallow groundwater pool ((1Àc)X r ) which is represented as a simple runoff retention pool that delays runoff before it enters the river channel and is described as dD r dt
The river runoff generated in this grid cell becomes
is an empirical parameter that controls the outflow from the runoff pool and c (-) determines the fraction of excess rainfall that fills the pools or becomes runoff that same day. The parameter b has been set to 0.0167; c is set to 0.5. Horizontal transport in WBM plus is only allowed through the gridded river network. In the current study, we used a Muskingum type solution that estimates discharge in a grid cell as a linear combination of discharge from upstream grid cells, the outflow at the previous time step and the runoff in the grid cell. Weighting coefficients for the Muskingum method are derived from empirical parameterizations of river bed geometry using power functions (Knighton, 1998) .
Small reservoirs in WBM plus
WBM plus distinguishes between large reservoirs that alter the horizontal transport of water through the river network and small reservoirs that are located in grid cells with irrigation. Water release from large reservoirs is calculated as a function of reservoir capacity, inflow, and reservoir storage (Wisser et al., 2009 ) and can augment river flow during low-flow periods from which irrigation water can be abstracted.
Small reservoirs (SR's) in WBM plus are assumed to collect part of the estimated surface runoff from the non-irrigated part of the grid cell and partially supply the estimated irrigation water requirement I gr in the irrigated fraction of the grid cell. We do not model the actual distribution of reservoirs within a grid cells but determine the total per-grid cell capacity of reservoirs by assuming that they have a uniform depth of h = 2 m, a typical depth of small reservoir in the semi-arid regions of India (Gunnell and Krishnamurthy, 2003; Mialhe et al., 2008) . We assumed volume of 1000 m 3 for individual reservoirs (SR area = 500 m 2 = 0.05 ha) to estimate the number of reservoirs. Srivastava (2001) suggested a volume of 1750 m 3 ha À1 is necessary to irrigate two consecutive crops in India, and Senay and Verdin (2004) based their analysis on the potential of rainwater harvesting in Africa by assuming that the capacity of individual ponds is 1000 m 3 . The amount of surface water that can actually be collected depends on a number of local conditions including soil texture, land use, and topography, as well as socio-economic factors (Kahinda et al., 2008; Qadir et al., 2007) , and those criteria are mostly sitespecific (Rockström, 1999) . In accord with how runoff harvesting systems are typically designed (Srivastava, 2001) , we constrain the accumulated capacity of small reservoirs in each grid cell by the fraction of surface runoff that can be collected and the total amount of irrigation water needed in each grid cell in a typical year. The grid cell small reservoir storage capacity C sr is therefore determined by
where l is a coefficient that determines the fraction of surface runoff that is actually collected. The most appropriate design parameter to determine l is the relationship between the catchment area for a reservoir at which runoff is collected and the cultivated area supplied by an individual reservoir. This parameter is commonly referred as the catchment command area ratio (CCR) (Critchley et al., 1991) and the design objective is to minimize CCR, as higher values lead to high evaporation and percolation losses that render small reservoirs less effective and economical. This ratio strongly depends on the seasonal variability of rainfall and storage capacities. Values for CCR between 1.0 and 5.0 are generally considered appropriate but values ranging between 17 and 30 with an average of 20 have been reported (Boers and Benasher, 1982) . Evaporation (mm d À1 ) from small reservoirs will depend on the actual type of reservoir used to store the water (closed tanks, open surface reservoirs, covered reservoirs, etc.) and is computed (Martinez Alvarez et al., 2008) as
where k p is an evaporation coefficient that has been set to 0.6 (Arnold and Stockle, 1991).
Climate data sets
Monthly atmospheric forcing data (mean air temperature and precipitation) for the period 1998-2002 has been obtained from the CRU TS 2.1 (Mitchell and Jones, 2005) , which represents observed gridded climate data at a spatial resolution of 30 min and has been widely used for continental and global-scale hydrological modeling. Daily values of precipitation have been generated stochastically based on the number of wet days and the monthly precipitation totals (Geng et al., 1986) .
Agricultural data sets
The spatial distribution of irrigated areas was taken from the University of Frankfurt/FAO Global Map of Irrigated Areas (Siebert et al., 2005) . Cropping intensities (number of crops grown per year) and irrigation efficiency data was taken from country level statistics provided by AQUASTAT (2008).
The distribution of crops around the globe was taken from the dataset developed by (Monfreda et al., 2008 ) that shows the distribution of 175 distinct crops across the world in or near the year 2000 at a spatial resolution of 5 0 . Crops were aggregated into 4 groups (perennial, vegetables, rice, others) and average crop coefficients, k c, were taken from Allen et al. (1998) . Grid cell crop areas were aggregated to 30-min resolution.
Soil hydraulic properties that determine the soil water holding capacity in both irrigated and non-irrigated fractions within grid cells have been taken from the UNESCO/FAO soil map of the world (FAO/UNESCO, 2003).
Model simulations
Model simulations were performed for a 5-year period from 1998 to 2002. As the actual number and density of small reservoirs is unknown we determined the reservoir capacity in each grid cell for varying values of the catchment command ratio CCR. A CCR value of 0 was the baseline simulation with no implementation of small reservoirs.
The required total reservoir capacity for each CCR value for each grid cell was estimated by taking the largest value computed for C sr Eq. (5) for [1998] [1999] [2000] [2001] [2002] . This represents the least favorable hydrological conditions (high demand for irrigation water and low availability of surface runoff) in the 5-years; this is a typical design goal for agricultural systems in general and small reservoirs (Döll and Siebert, 2002; Srivastava, 1996 Srivastava, , 2001 ).
Results and discussion
Irrigation water demand and water sources for irrigation
The simulated mean global irrigation water demand using the Global Map of Irrigated Areas (280 million ha) for the period 1998-2002 was 3250 km 3 a
À1
, consistent with previous estimates (Hanasaki et al., 2007; Siebert and Döll, 2007) . Simulated mean surface runoff for the same period was 19,000 km 3 a À1 , half of global runoff (38,600 km 3 a
). The mean surface runoff that could potentially be collected, stored and applied to irrigated areas (i.e. the surface runoff in the non-irrigated part of all irrigated grid cells) was 9600 km 3 a
. If SR's are not considered (i.e., CCR = 0), the abstraction of river flow contributed $10% (290 km 3 a
) towards meeting the irrigation water demand and the abstraction of groundwater was about 40% (1400 km 3 a
). Almost half of the total global irrigation water demand (1600 km 3 a À1 ) could not be met by local water sources or non-renewable groundwater sources. These estimates are generally consistent with earlier work by Vörösmarty et al. (2005) who used a geospatial analysis and estimated the amount of water used in irrigated areas not supplied from local runoff and groundwater to be up to 35%. Recently, Rost et al. (2008) suggested that almost half of the current water used in irrigated areas was coming from non non-local and non-renewable resources.
The construction of small reservoirs and the use of locally harvested water for irrigation purposes does not significantly lower the amount of irrigation water that must come from non-local or non-renewable sources (Fig. 1) . While the percentage of nonrenewable water use could decrease from 49% to 44%, most of the increase in locally stored water is offset by a decrease in groundwater use, as most of the non-renewable water abstractions occur in dry regions where water resources are very limited and surface water runoff is not available for storage (Fig. 2) .
The fraction of irrigated areas that could be supplied by locally stored runoff is highest in areas with a pronounced seasonal distribution of rainfall and high rainfall amounts. By continent, the largest contribution of SR's to the estimated water demand in irrigated areas can be seen for South America, Europe, and North America. Assuming a CCR value of 5, the global contribution of locally stored runoff to irrigation water supply could be as high as 23% (Fig. 3) and is consistent, for example, with the estimated 37% of the total land under irrigation that is supplied by small reservoirs ('tanks') in the semi-arid regions of India (Anbumozhi et al., 2001) .
The installed capacity for the CCR = 3 scenario is 696 km 3 a
(for the one out of 5-year drought conditions) globally. Of the stored water, 688 km 3 a À1 is released for irrigation purposes on average, and 174 km 3 a À1 are lost through evaporation from the reservoir surface ( Table 1 ). Note that SR release plus SR evaporation does not equal SR capacity (Table 1 ) because the capacity is set for the maximum demand while the release and evaporation values are the means of the 5-year simulations. Furthermore, the sum of reservoir release and reservoir evaporation can exceed reservoir capacity when the reservoir is filled multiple times. The 'actual CCR' values in Table 1 are calculated as the area available in each grid cell divided by the irrigated area supplied from that collected runoff. Actual CCR is therefore constrained by the available area for runoff collection in the non-irrigated part of the grid cell, and the hydrological conditions (supply and demand), and can be less than the target maximum CCR value for a given scenario.
As the surface area-to-volume ratio in SR's is larger than for large, deep reservoirs, evaporation is much larger per unit of stored volume and represents 15-32% of the water released from SR's. The global surface area for SRs increases with CCR from 152,000 km 2 (CCR = 1) to 539,500 km 2 (CCR = 20) (Table 1) . Evaporation losses also increase with CCR both in quantity and depth; the depth increase results from SRs in the higher CCR scenarios holding water for more of the year, while in low CCR scenarios the SRs only hold water for part of the year. The SR surface area is equivalent to 5.6-20% of the irrigated area (2.7 million km 2 ),
Comparison with previous estimates Despite recent efforts to map the distribution of small reservoirs and the fluctuating water table using remotely-sensed data at the river basin scale (Liebe et al., 2005; Mialhe et al., 2008) , small ponds are an uninventoried resource globally (Downing et al., 2006) , and have previously been overlooked in large-scale assessments of water supply in irrigation. Downing et al. (2006) lated mean annual precipitation and the reported surface area of farm ponds for 13 political units (a province in India, several US states, Great Britain) and estimated the percentage of the area of farm land covered with small ponds using the relationship:
where P (mm a À1 ) is the average annual precipitation and FP is the pond area as a percentage of the farm area. Using this equation and assuming an average pond size of 0.001 km 2 (1000 m 2 or 0.1 ha) they estimated the global surface area of ponds to be 78,773 km 2 , 22% of the CCR = 3 SR area (Table 1) . Assuming an average depth of 2 m, the global estimated water volume in small ponds would be 154 km 3 , lower than our estimated capacity of 696 km 3 for CCR = 3.
Increased green water fluxes from cropland areas
To calculate the potential contribution of SR's to global green water fluxes, we conducted a second set of simulations in which the SR's were located in all grid cells that contained cropland rather than restricting them to grid cells that contained only mapped irrigation (Siebert et al., 2005) . In these simulations, we assumed that water can be collected from all non-cropland area within a grid cell. We used the global cropland data layers from Ramankutty et al. (2008) , which represent cropland ca. 2000 and were derived by combining agricultural inventory data and satellite-derived land cover data. We calculated irrigation water needs as described above (Data and methods) under the assumption that all cropland can be irrigated if required, and irrigation water will be applied to avoid any crop-water stress. Cropland in regions with abundant, evenly-distributed precipitation require minimal to zero irrigation water. No SRs are placed in grid cells that contain no cropland. The area that is available for runoff collection is around 7.2 billion ha, about five times the global cropland area (1.47 billion ha). As the area that is actually available for collection of surface runoff is unknown, we again computed SR-derived green water fluxes for different scenarios of CCR values, ranging from 1 to 20. The upper limit for CCR for each scenario is the area available for surface collection.
Gross irrigation water demand for all cropland areas was 11,920 km 3 a
À1
, a fourfold increase over the estimate for only those areas equipped for irrigation. If no locally stored runoff could be used to supply that amount of water it would have to be supplied by non-renewable water resources to a considerable degree (6158 km 3 a À1 ) and groundwater (5202 km 3 a
) while only 559 km 3 a À1 could be supplied from local river discharge. The estimated green water flux from croplands under the assumption that SR-derived irrigation water is applied whenever crop water stress occurs averaged 6500 km 3 a À1 for the period 1998-2002. This estimate for the cropland area is consistent with previous estimates of the water consumption on croplands Rost et al., 2008) . The estimated reservoir capacity (designed for the maximum demand during the 5-year period 1998-2002) ranges from 1538 km 3 to 3566 km 3 (Table 2) , representing 21-50% of the estimated 7000 km 3 capacity of large reservoirs with a dam height P 15 m (Vörösmarty et al., 2003 (Vörösmarty et al., , 1997 . The mean annual increase in green water flux due to the release of water from SR's, DET (taking into account irrigation efficiencies) ranges from 623 to 1121 km 3 a À1 (Table 2) , equivalent to 9.5-18% of the total green water flux from all cropland area. A considerable fraction of the water stored in SR's is lost to the atmosphere as evaporation from the surface. On average, a volume equivalent to $450 mm is lost from SR's, representing around 25% of the installed reservoir capacity. On average, the release from SR's ranges from 1847 km 3 a À1 to 2511 km 3 a
. This estimate is much larger than the previously estimated volume of surface water available for storage in croplands in Africa, Asia, and South America alone of around 300 km 3 a À1 .
Implications for food production
In general, crop yields increase with higher crop evapotranspiration up to a certain limit, and low-yields can partially be explained due to a lack of adequate water supply; other factors influencing crop yield include soil fertility and nutrient supply, pests, severe weather events, and low-yielding crop varieties (Zwart and Bastiaanssen, 2004) . Crop productivity in some rainfed areas can significantly be improved with supplemental irrigation during critical crop growth stages (Oweis and Hachum, 2006) . Increases in green water flux supplied by local storage of surface runoff in small reservoirs could potentially enhance crop growth and productivity, and thereby have implications for food security.
To assess this potential, we spatially related the estimated SRderived increases in green water fluxes to actual crop production. To compute the mean area-weighted actual yield in each grid cell, we used crop yield data sets compiled by Monfreda et al. (2008) , which spatially represent the area and yield of 175 crops globally. To avoid biases in computing an area-weighted grid cell yield arising from large yield differences for individual crops, we computed the relative yield for crop i in grid cell c for each of the 11 crop groups (cereals, fibers, forage, fruits, oilcrops, pulses, roots, sugarcrops, treenuts, vegetables, and others) as
where Y i,max is the reported global maximum yield (t ha À1 ) for crop i. The area-weighted relative yield in each grid cell c is then calculated as
where A i,c is the area for crop i in grid cell c, both taken from Monfreda et al. (2008) . Globally, the average area-weighted yield for all crops, Y is 6.7 t ha À1 (median = 5.4 t ha
À1
) and shows a considerable range of values in different regions of the world. We normalized the relative yield as Y Ã c ¼ ðY c À YÞ=Y. The resulting spatial distribution of crop yields is shown in Fig. 4 . Above average normalized yields (positive numbers) can be found North America, Europe, and Oceania.
The greatest potential for improving yield values is in Africa, where better water and fertilizer input could increase production (Liu et al., 2008) . Generally, all cropland areas show a potential for annual increases in green water fluxes due to implementation of global cropland SRs, with the highest values for increasing green water flux found in the areas with a pronounced seasonal distribution of rainfall of considerable rainfall depth, such as East Asia, Western Africa, and parts of Australia (Fig. 5) . Fig. 6 shows the distribution of estimated increases in green water flux and actual yield on a grid cell basis globally and for individual continents. Regions with the highest potential for increases in yield as a result of increases in green water fluxes are generally areas with below-average yield and considerable additional green water flows. By continent, much of those regions are found in Africa and Asia whereas the potential for yield increases in Europe and North America is low. To put the estimated increases in green water fluxes in a foodproduction perspective, we made a simple estimate of how the increases in cropland green water fluxes could translate to increases in food production. A key concept in relating crop yield to crop evapotranspiration is the crop water productivity (CWP), sometimes referred to as water use efficiency (WUE) which is defined as the ratio between yield and actual evapotranspiration (Zwart and Bastiaanssen, 2004) : Fig. 4 . Grid cell relative crop yield, calculated as area-weighted for all crops, and normalized to the global average, based on the data from Monfreda et al. (2008) . Inset:average relative yield per continent. Global mean yield of 6. 7 t ha À1 is 0.0 in this plot. See Eqs. (8) and (9) in text for methods. 
where Y (kg ha À1 ) is the yield, ET is the actual crop evapotranspiration (m 3 ha
) and CWP is the crop water productivity (kg m
À3
). CWP depends on a number of factors including available water supply, field and local cultural and management practices, crop breed, fertilizer input and others that are difficult to assess for global-scale applications Zwart and Bastiaanssen, 2004) . Based on 84 literature sources, Zwart and Bastiaanssen (2004) have compiled reported values for CWP for wheat, cotton, and maize and found a wide range of values depending on climate, water management, soil management conditions and others. The mean values of CWP for both rice and wheat were 1.09 kg m À3 , and 1.80 kg m
for maize. A nominal CWP of 1.0 kg m À3 was used in assessments of virtual water trade between countries (Yang et al., 2006) ; we adopted this constant value for our analysis. Potential gains in crop production were estimated by multiplying CWP by the additional productive (i.e., accounting for percolation and evaporation losses) green water flux from local water storage in SR's as
where DET (m 3 ha À1 ) is the difference in estimated crop evapotranspiration that can be attributed to the water released from small reservoirs. Table 3 shows the potential increase in cereal crop production by continent and globally, and assuming the linear relationship Eq. (11) between yield and CWP for all increases in ET, and that no other factors were limiting yield (an idealized assumption). In some respects, this estimate can be viewed as representing an absolute upper limit to the expected increase in food production, as yield cannot be improved above certain limits when it is already high, and many other factors can also limit crop yields. However, because additional water could prevent crop failure (i.e., a highly non-linear relationship between additional water and increased yield), this estimate could be low in some circumstances. Compared to current cereal production, the potential increase for an installed reservoir capacity for CCR = 5 represents an increase of $50%, much of the potential being in Africa and Asia (Table 3) .
As discussed above, yield is more likely to increase with CWP for lower ranges of yield values. We therefore restricted the analysis of potential increases in food production due to increased green Fig. 6. Mean annual (1998 additional evapotranspiration (green water) fluxes in cropland areas supplied by water released from small reservoirs for CCR = 5 (Fig. 5 ) plotted against grid cell normalized relative crop yield (Fig. 4) by continent and globally. High values of additional ET in grid cells with low normalized relative crop yield indicate a high potential for increased food production through use of small reservoirs (e.g., Africa and Asia).
Table 3
Potential increases in cereal production (Mt a À1 ) due to increased green water fluxes from cropland areas by continents for different scenarios of small reservoir design (CCR), assuming a crop water productivity of 1.0 kg yield m À3 water. water fluxes to areas with a current yield below the average of 6.7 t/ha (i.e., less than zero in Fig. 4) , assuming that the lower yield is at least partially related to inadequate soil water management due to the lack of irrigation. The estimated potential crop yield increase (Table 4) ranges from 20% (CCR = 1) to 38% (CCR = 20) of the global production of $2 billion tonnes of cereals (FAOSTAT, 2008; Monfreda et al., 2008) . Most of the increase is projected for Africa and Asia whereas only small increases could be expected in Europe and North America (as yields are generally already above average). These projected increases in crop production by supplemental irrigation are in general agreement with observed yield increases at the farm level (e.g., Oweis and Hachum, 2006) . The largest relative increase in food production is seen in Africa where cereal yields are around 1 t ha À1 and food production is doubled for medium variants of SR construction. The low-yields in many regions in Africa, the Sahel regions in particular are generally a result of limited water availability (Rockström, 1999) . Although the rapid expansion of global irrigated areas has recently slowed down, there is still a potential for the expansion of irrigated areas, particularly in Sub-Saharan Africa, where only about 5% of the total cropland is currently under irrigation and existing cropland areas could be upgraded to irrigated areas by locally stored runoff.
To further put the estimated increases in food production into perspective, we compared the estimated increases with the global cereal food aid for the period 2003-2005, reported as equivalent to 7.7 million tonnes per year (FAOSTAT, 2008) or 0.4% of the global cereal production For installed reservoir capacities with catchment areas equal to the supplied area (CCR = 1), the cereal food aid for Africa and Asia represents only 5% and 1%, respectively, of the potential (ideal) increase in cereal production with SR-derived water (Table 4 and Fig. 7) . It is important to note, however, that some of this potential for supplementary irrigation at small, farm-scale, individually-managed systems is already implemented, but not included in either global inventories of irrigated areas or reservoir databases. Global datasets based on national censuses data tend to underestimate the small-scale irrigation that is known to play an important role in, for example, some African countries (Siebert and Döll, 2007) .
Downstream effects of SR's
Small reservoirs not only constitute a fundamental human transformation of the landscape (Smith et al., 2002) ; they can also significantly alter the hydrological regime and the distribution of water and sediments at the local level through alterations in evaporation, percolation, and groundwater recharge. The effects of increased water productivity at the river basin level are therefore a downstream concern (Ngigi, 2003) . To assess the impact of additional water storage in SR's on the water available downstream we compared discharge at the outlet in all river basins based on the STN-30 river network (Vörösmarty et al., 2000a,b) simulated under contemporary conditions and with the maximum SR volume (CCR = 20) .
Globally, the average volume of water 'lost' to evapotranspiration from SR's (release from reservoir plus evaporation from the reservoir surface) annually for the period 1998-2002, assuming CCR = 20 is $3000 km 3 (Table 2) , representing $8% of the longterm mean terrestrial discharge ($38,500 km 3 ). Out of the 6159 river basins that are delineated in the STN-30 river network, the discharge at the basin mouth of 2963 river basins ($40% of all river basins globally) will be affected by changing hydrological conditions due to the collection and storage of surface runoff upstream. The aggregate reduction in annual flow for those river basins is 18%. The relative reduction in mean annual flow is highest in smaller basins, where it can reach up to 80%. However, macroscale hydrological models are less reliable predictors of the dynamics of small basins - Vörösmarty et al. (2000b) recommended a minimum basin size for analysis of $25,000 km 2 , equivalent to about 10 half-degree grid cells. Globally, there are 416 of these 'large' river basins that contain cropland. Mean SR impacts on flows in these large basins are a 2% reduction in maximum monthly flow (range 0-15%), a 5% reduction in mean annual flow (range 0-33%), and a 44% reduction in minimum monthly flow that ranges from zero to 100% (i.e. a complete drying up of the minimum flow) compared to flow under baseline conditions (Fig. 8) .
Uncertainties
We recognize that our results are sensitive to number of uncertainties arising from a set of simplified assumptions with regard to the estimated reservoirs capacity, as well as to uncertainties in the Table 4 Potential increases in cereal food production (Mt a À1 ) due to increased green water fluxes from cropland areas by continents for different scenarios of reservoir sizes, assuming a crop water productivity of 1.0 kg/m 3 , only in regions with below-average actual yield (see Fig. 4 ). Production of cereals (in Mt a
À1
) based on (Monfreda et al., 2008) , cereal food aid imports from (FAOSTAT, 2008 input data related to the agricultural data sets. The results presented here should be viewed as a first estimate of the global geography of the potential of small reservoirs. The actual potential at the implementation level (small reservoirs are a local strategy) depends on a number of local conditions that are not known at the scale of our analysis and must be determined using site-specific rainfall-runoff relationships. For example, the assumption that the surface runoff can always be collected depends on the local topographic conditions, geology, land use and a number of small-scale characteristics such as the spatial and temporal variability in rainfall, not included in our model. Our simplified approach may lead to an overestimation of the small reservoir potential (Frot et al., 2008) . On the other hand, the assumption of a constant crop water productivity of 1.0 kg m À3 and a linear increase in yield with increasing evapotranspiration may be too conservative as supplemental irrigation can avoid crop failures and thereby lead to a much higher increase in crop water productivity (Rockström et al., 2002 . Furthermore, the assumption of a linear relationship between yield and CWP may not be valid for lower ranges of yield .
We did not consider the loss of reservoir storage over time due to siltation, which can be significant in some regions depending on local geology, soil type, rainfall distribution, and vegetation. This can lead to a partial or complete loss of reservoir capacity, and is a significant problem for small ponds (Gunnell and Krishnamurthy, 2003) . It can be addressed by periodic desilting.
Considerable uncertainties with regard to the estimated water withdrawal for irrigated agriculture have been shown to be associated with agricultural and climate data sets (Wisser et al., 2008) that could lead to variations in estimated demand for agriculture of $30% globally depending on different combinations of agricultural data sets and weather data.
The implementation and adoption of rainwater harvesting technologies is also constrained by a number of socio-economic factors that need to be considered when planning, constructing, and operating rainwater harvesting technologies (Oweis and Hachum, 2006) . Such limitations include land ownership and use issues, water rights, downstream/upstream water requirements and capital and labor resources that are best addressed on a watershed level.
Conclusions
We have presented a first global-scale assessment of small reservoirs, and their potential role in supplying locally stored water for irrigation water purposes. Using a water balance modeling approach, we estimated the potential distribution of small reservoirs to supply water in irrigated areas, and analyzed the contributions of surface water, shallow groundwater, local river water, and water from non-renewable sources to meet irrigation water demand. Globally, the construction of small reservoirs has a small influence on the fraction of irrigation water demand that must be supplied by non-renewable water resources. We estimate that about one third of the volume currently supplied to contemporary irrigated areas is supplied by water from locally stored runoff (i.e., small reservoirs or shallow groundwater).
The high area-to-volume ratio in SR's, relative to large reservoirs, results in high evaporation losses and generally decreases the overall efficiency of the system. We found an average of 20% of the water stored in small reservoir is evaporated from the reservoir surface, so in some situations it would be worthwhile to consider additional water saving measures for SR's, such as floating covers, windbreaks, or underground storage (Martinez Alvarez et al., 2008) .
We evaluated the potential contribution of locally stored runoff to increase transpiration (green) water fluxes for all existing cropland areas, and the implications of such shifts for food production at large-scales. Based on simple assumptions regarding crop water productivity, we estimated that the global cereal production in low-yield regions could be increased by $35% for a medium variant of small reservoir construction (i.e., CCR = 5). The projected increases as a result of increased green water fluxes are not uniformly distributed. The largest potential for upgrading existing cropland areas to irrigated areas by using locally stored runoff can be found in low-yield regions in Africa and Asia. Assuming that yield is only limited by available water, the construction of SR's could almost double the production of cereals in Africa and increase production in Asia by about 30% for the minimum small reservoir capacity scenario (CCR = 1).
As the construction of SRs alters the hydrological regime, downstream implications are a concern. We analyzed the reduction in annual river flow for a large variant of reservoir construction and found that mean annual flow in affected river basins is reduced by 18% on average. Impacts are likely to be most significant during low-flow seasons. These effects tend to be higher in small basins that are smaller than the minimum size that is adequately represented in a macroscale hydrological model with the resolution used here.
While the construction of small reservoirs has been shown to be an economically viable option for providing supplemental irrigation at the farm level (e.g., Panigrahi et al., 2005) , our analysis highlights continental and global challenges and opportunities for runoff harvesting and the implications of increasing food production. In summary, we find that SR's can potentially significantly increase green water flow and thereby increase food production in areas where current crop yield is severely limited by available water. Being a technology that does not require large infrastructure investments, and that can be implemented at the level of individual farms, SR's are an important tool to improve food security in poor, drought-prone environments.
